Introduction {#Sec1}
============

Cancer of the head and neck (HNC) is the sixth most common cancer worldwide, with over 500,000 new cases diagnosed annually worldwide^[@CR1]^. Approximately 80--90% of HNCs are squamous cell carcinomas (SCC). HNC globally resulted in \>300,000 deaths every year, which made HNC the ninth most frequent cause of death from cancer^[@CR2],[@CR3]^. Moreover, there are currently no reliable parameters to predict a long-lasting curative response or treatment outcomes.

Cancer stem-like cells (CSCs), also called tumor-initiating cells, are a small population of tumor cells that have the capacity to self-renew like normal stem cells, initiate tumor and drive tumor growth, invasion and metastasis^[@CR4]^. A small number of CSCs were able to form tumors in non-obese diabetic/severe combined immunodeficient mice in vivo^[@CR5]^. Interest in CSCs is rapidly increasing during the recent years, and existence of such cells in various of tumors has been verified including prostate^[@CR6]^, melanoma^[@CR7]^, lung^[@CR8]^, liver^[@CR9]^, breast^[@CR10]^, brain^[@CR11]^, pancreas^[@CR12]^, ovary^[@CR13]^, mesenchymal carcinomas,^[@CR14]^ and head and neck^[@CR15]^. In 2007, Prince et al.^[@CR16]^ first identified a cellular subpopulation in head and neck tumors expressing the surface marker CD44 with stem-like characteristics; these cells were capable of reproducing when implanted into immunosuppressed mice. CD44 also has a critical role in cell metastasis and malignancy, and is involved in multiple steps^[@CR17],[@CR18]^. In head and neck squamous cell carcinomas (HNSCCs), CD44 has been reported to be involved in metastasis and has also been identified as a CSC marker. However, critical molecular mechanisms and roles that maintain the 'stemness' of CSCs in the subset of patients with advanced HNSCC with high CD44 expression are largely unknown.

In this study, we sought to identify the role of CD44 and specific signaling pathways in the maintenance of CSC properties of HNSCCs. We demonstrated that the ERK1/2 signaling pathway has a critical role in the self-renewing and tumorigenic abilities of CSCs in HNSCC and in mouse xenograft models. Notably, our findings suggest that ERK1/2 indirectly upregulates Nanog expression via β-catenin, thereby maintaining the stemness of HNSCC CSCs. The ERK1/2-Nanog signaling pathway may thus be a novel target for eliminating CSCs in HNSCC.

Materials and methods {#Sec2}
=====================

Cell lines and reagents {#Sec3}
-----------------------

The human QLL-1 cell line (a SCC cell line originating from metastatic lymph nodes in oral cancer) were a generous gift from Dr. J. Shah (Memorial Sloan-Kettering Cancer Center, New York, NY). The human SCC-15 and SCC-25 cell lines (SCC cell lines originating from the tongue) were purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in minimum essential medium supplemented with 10% fetal bovine serum, 2 m[m]{.smallcaps} [l]{.smallcaps}-glutamine, 0.4 μg/ml hydrocortisone, penicillin (50 mg/mL), and streptomycin (50 mg/mL); this was termed regular media. Cancer cell lines were actively passaged for \<6 months from the time that they were received from the ATCC, and UKCCCR guidelines were followed^[@CR19]^.

The ERK inhibitor U0216 (\#662005), JNK1/2 inhibitor SP600125 (\#420119), and p38 inhibitor SB590885 were purchased from Selleckchem (Houston, TX). Accutase (AT104) was obtained from Innovative Cell Technologies, Inc. (San Diego, CA). EGF (E9644) and bFGF (F5392) were purchased from Sigma-Aldrich (St. Louis, MO). B27 (17504044) and N2 (17502001) were obtained from Life Science, USA.

Spheroid formation {#Sec4}
------------------

The human QLL-1, SCC-15, and SCC-25 Cell lines were resuspended in spheroid media, which consisted of Dulbecco's modified eagle medium (DMEM)-F12 containing 20 ng/mL of EGF, bFGF, N2 (1×), and B27 (1×), and then plated on Ultra-Low Attachment culture dishes (Corning Inc., Corning, NY) as previously described^[@CR20]^. Spheroids were collected after 5--7 days unless otherwise stated. Proteins were then extracted for analysis or cells were dissociated with Accutase and used for other experiments^[@CR21]^.

sh.RNA lentiviral particles {#Sec5}
---------------------------

*Nanog* was silenced via lentiviral transduction of human *Nanog* shRNA (SC-43958-V; Santa Cruz Biotechnology, Dallas, TX). ERK1/2 and β-catenin were silenced via lentiviral transduction of human *ERK1* shRNA, *ERK2* shRNA and β-catenin shRNA (SC-44252-V, SC-29307-V, and SC-35335-V; Santa Cruz Biotechnology). Scramble shRNA (sh.Scr) control constructs (SC-108080; Santa Cruz Biotechnology) were also used. Maximal knockdown occurred 72--96 h after transduction that was performed according to manufacturer's instructions (Santa Cruz Biotechnology).

**In vitroassays** {#Sec6}
------------------

Spheroids were dissociated using Accutase (\#07920; STEMCELL Technologies Inc.), after which monolayer cells were collected with trypsin. To assay proliferation, 1 × 10^4^ cells were plated onto 96-well flat bottom plates and maintained in regular media overnight. Water-soluble tetrazolium salt-1 (ab155902; abcam) assay was used to assess cell number after 3 days via optical density according to manufacturer's instructions^[@CR22]^. Soft agar colony formation from single cells was performed as previously described^[@CR20]^. To measure migration and invasion, cells (2 × 10^4^ cells/well) were suspended in 0.2 mL serum-free DMEM and loaded onto the upper wells of Transwell chambers (8-µm pore size, \#3422; Corning Inc.); the lower wells were filled with 0.8 mL DMEM supplemented with serum. For the invasion assay, the upper wells of the chambers were precoated with BD Matrigel matrix (354234, BD Biosciences, Franklin Lakes, NJ) and 10 mg/mL growth factor; migration assays employed non-coated Transwell chambers. After incubation for 48 h at 37 °C, cells on the upper surface of the filter were removed with a cotton swab, after which invading or migratory cells on the lower surface of the filter were fixed and stained with a Diff-Quick kit (Thermo Fisher Scientific, Waltham, MA) and imaged at a magnification of ×20. Invasiveness and migration were quantified as the average number of cells in five microscopic fields per well via phase-contrast microscopy.

Fluorescence-activated and magnetic cell sorting {#Sec7}
------------------------------------------------

For fluorescence-activated cell sorting (FACS), cells were dissociated using Accutase and resuspended in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA). The cells were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD44 (BD555478; BD Biosciences) or isotype control antibody (BD555742; BD Biosciences) and then analyzed on a FACSCalibur platform (BD Biosciences) using Cell Quest software. CD44-positive cells were collected using a magnetic cell sorting system (MiltenyiBiotec, BergischGaldbach, Germany). In brief, cells were dissociated using Accutase, stained with CD44-Micro Beads, and passed through a LS magnetic column that retains CD44-positive cells. CD44-positive cells were then eluted from the column after removal of the magnet and quantified by immunofluorescence (IF) using FITC-conjugated CD44 antibodies.

Western blot analysis {#Sec8}
---------------------

Samples were collected in radioimmunoprecipitation (RIPA) buffer (Sigma-Aldrich) containing Complete Protease Inhibitor Cocktail (Roche, Basel, Switzerland), after which protein concentrations were determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Western blotting was performed using the following antibodies, ERK1 (sc-271270), ERK2 (sc-136288), and c-Myc (sc-40) from Santa Cruz Biotechnology; Sox2 (\#2748, \#3579), Oct-4 (\#2750), Nanog (\#4893), Slug (\#9585), Snail (\#3879), phospho-ERK1/2 (\#9101), CD44 (\#3578, \#3570), E-cadherin (\#14472), ERK1/2 (\#4696), and cleaved caspase-3 (\#9661) from Cell Signaling Technology (Danvers, MA); N-cadherin (BD610920) and E-cadherin (BD610181) from BD Biosciences; Zeb1 (NBP-1-05987) from Novus Biologicals (Centennial, CO); and β-actin from Sigma-Aldrich.

Real-time reverse transcription PCR {#Sec9}
-----------------------------------

Total RNA was extracted from all cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. 500 ng of total RNA from cultured cell lines was converted to cDNA using RT^[@CR2]^ First Strand kit (Cat.330401, Qiagen) and mixed with SYBR green master mix (Cat.201443, Qiagen) for qPCR using AIIA7 (Life Technologies). All primers were purchased from Qiagen and the glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Cat.PPH00150E, NM_002 NM_002046) gene was used to normalize the expression levels in subsequent quantitative analyses. To amplify the target genes encoding N-cadherin, Snail, Slug, and Zeb1, the following primers were used: N-cadherin (Cat.PPH00636F, NM_001792.3), Snail (Cat.PPH02459B, NM_005985), Slug (Cat.PPH02475A, NM_003068), and Zeb1 (Cat.PPH01922A, NM_030751.5) were used. The experiment was performed in triplicate.

Mouse experiments {#Sec10}
-----------------

All mouse protocols were approved by the MSKCC Institutional Animal Care and Use Committee. Tissues were dissected from the indicated mice. Paraffin-embedded sections were deparaffinized, and sections were examined by IHC as described below. For subcutaneous flank tumors, 1 × 10^7^ CD4(+)-SCC-15 or SCC-25 cells previously transduced with sh.Nanog, sh.ERK1/2, sh.Scr (control) were resuspended in 100 μL Hank's balanced salt solution (HBSS) and injected subcutaneously into the right flank of athymic, 7--9-week-old male BALB/c *nu/nu* mice following anesthesia with isoflurane. Mice were randomly assigned to different treatment groups (five mice per group) when tumors reached 100 mm^3^ in volume, which was designated as day 0. The mice were then treated with IR (8 Gy) intraperitoneally once a week. Tumors were measured 3× per week for 2 weeks, and tumor volume was calculated as length × (width)^2^ × 0.52. After the mice were exsanguinated, tumors were excised and cut into thirds. To assess tumor initiation in vivo, 5000 CD44(+) SCC-25 cells previously transduced with sh.ERK1/2, sh.Scr were resuspended in 100 mL HBSS and injected subcutaneously into the right flank of athymic, Rag2/ɣC double knockout mice (Taconic Biosciences, Rensselaer, NY) following anesthesia with isoflurane. Mice were monitored weekly for tumor growth for up to 7 weeks. For induction of lung metastases, mice were injected via the tail vein with 10,000 CD44(+) SCC-25 cells transduced with sh.ERK1/2 or sh.Scr. After killing the mice at different time points, tumor colonies in the lungs were counted. Each tumor was fixed in 10% buffered formalin for 24 h, embedded in paraffin, and processed into 5-µm sections.

Immunocytochemistry {#Sec11}
-------------------

Spheroids were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in PBS. Following fixation, cells were incubated with antibodies against Sox2 (\#4900; Cell Signaling Technology), N-cadherin, Nanog (\#8822; Cell Signaling Technology), Snail (ab53519; Abcam, Cambridge, UK), and/or CD44-FITC in a PBS solution with 1% BSA and 0.1% Triton X-100 at 4 °C overnight. The samples were then incubated with the secondary anti-mouse AlexaFluor 488 (A11005; Life Technologies, Carlsbad, CA) and anti-rabbit AlexaFluor 594 (A11012; Life Technologies) antibodies and counterstained with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI). Imaging was performed using an inverted confocal microscope and images were processed using Imaris 7.6.

Immunohistochemistry and immunofluorescence {#Sec12}
-------------------------------------------

For IHC, formalin fixed, paraffin-embedded sections were deparaffinized by xylene and rehydrated. Sections were either stained with H&E or immunostained using the VECTASTAIN Elite ABC kit (Vector Laboratories Inc.) following manufacturer's instructions and standard protocols^[@CR23]^. Antibodies included CD44 (\#3570, Cell Signaling Technology), CD24 (sc-11406, Santa Cruz Biotechnology), CD133 (MBS462020; MyBioSource), Musashi-1 (ab21628; abcam), Sox2 (\#4900; Cell Signaling Technology), Oct-4 (\#2750; Cell Signaling Technology), Nanog (\#4893; Cell Signaling Technology), c-Myc (sc-40; Santa Cruz Biotechnology), Ki-67 (ab197234; abcam), cleaved caspase-3 (\#9661; Cell Signaling Technology), ɣH2AX (Millipore 05-636), and Snail (sc-271977; Santa Cruz Biotechnology). Nuclei were also counterstained with DAPI for IF. Stained cells were visualized using an inverted confocal microscope and images were processed using Imaris 7.6.

Tissue microarray {#Sec13}
-----------------

To investigate the expression of CD44, phospho-ERK1/2, and Nanog in normal and HNSCC tissues, commercially available paraffin-embedded tissue array slides containing 45 HNSCC tissue and 5 corresponding normal tissues (A209 II; ISU ABXIS, Seoul, Republic of Korea) were purchased. Sections were deparaffinized, then incubated with anti-human CD44 (\#3570; Cell Signaling Technology), CD24 (sc-11406; Santa Cruz Biotechnology), CD133 (MBS462020; MyBioSource), Musashi-1 (ab21628; abcam), Sox2 (\#4900; Cell Signaling Technology), Oct-4 (\#2750; Cell Signaling Technology), Nanog (\#4893; Cell Signaling Technology), and c-Myc (sc-40; Cell Signaling Technology) in a PBS solution with 1% BSA and 0.1% Triton X-100 at 4°C overnight. The slides were then incubated with the secondary anti-mouse AlexaFluor 488 and anti-rabbit AlexaFluor 594 antibodies and counterstained with DAPI. The samples were then imaged using an inverted confocal microscope and images were processed using Imaris 7.6.

Tumor tissues from five patients with HNSCC from department of Head Neck Surgery were also made using a precision tissue array instrument (Chongqing Cancer Hospital, China). These patients presented with oral squamous cell carcinoma and laryngeal squamous cell carcinoma between July 2017 and December 2017 at the Chongqing Cancer Hospital (China). Ethical approval was obtained from hospital ethics committee before the beginning of the study and all participants signed an inform consent form. A representative core biopsy (2 mm in diameter) was obtained from each tumor and embedded. IF for CD44, Nanog, phospho-ERK1/2, and Snail was performed as described above.

Statistical analysis {#Sec14}
--------------------

All experimental data are reported as mean and the error bars represent the standard deviation (±SD) of triplicate samples. Statistical analysis was performed using Instant 3.10 software (GraphPad). *P* values were calculated using the Student's *t* test. For comparisons among two groups or more, treatment groups were compared to the control group using a one-way analysis of variance with Bonferroni adjustment for multiple comparisons.

Results {#Sec15}
=======

**Nanog protein is increased in HNSCC spheroids,** CD44(+) **cells, and patient tissues** {#Sec16}
-----------------------------------------------------------------------------------------

Self-renewal is one of the important properties employed by CSCs to maintain their proliferative capacities^[@CR15]^. To assess the clinical relevance of CSC markers and self-renewal proteins in human HNSCC tissues, we compared the expression levels of CSC markers (CD24, CD44, CD133, and Musashi-1) and self-renewal proteins (Sox2, Oct-4, Nanog, and c-Myc). All self-renewal proteins and CD44 were overexpressed in tumor tissues compared with normal tissues (Figs. [1](#Fig1){ref-type="fig"}a, [b](#Fig1){ref-type="fig"}, Suppl. Fig. [1A, B](#MOESM1){ref-type="media"}). Interestingly, Nanog expression in CD44(+) cells was \~38.6% by immunofluorescence (Fig. [1c](#Fig1){ref-type="fig"}). We thus hypothesized that Nanog has a major role in CD44(+)-HNSCC cells as a self-renewal protein and a new "master gene" of tumorigenesis in HNSCC. We first confirmed that all HNSCC cell lines (SCC-15, SCC-25, and QLL-1) when grown as spheroids showed increased expression of CD44, whereas the levels of other putative CSC markers such as CD24 and CD133 were not reliably increased (Fig. [1d](#Fig1){ref-type="fig"}, Suppl. Fig. [1C](#MOESM1){ref-type="media"}). The percentage of CD44(+) cells in spheroid-forming media varied from 7.2% in QLL-1 cells to 9.3% in SCC-15 cells (Suppl. Fig. [1D, E](#MOESM1){ref-type="media"}) by FACS. Furthermore, in spheroid cell and CD44(+) HNSCC cells, Sox2 and Nanog levels were found significantly increased, but not Oct-4 and c-Myc (Fig.[1e, f](#Fig1){ref-type="fig"}[)](#Fig1){ref-type="fig"}.Fig. 1Levels of the self-renewal protein Nanog is increased in HNSCC spheroid cells, CD44(+) cells, and patient tumor tissues.**a**, **b** Graphs of the positive area (%) per field for the CSC marker proteins CD24, CD44, CD133, and Musashi-1 and the self-renewal proteins Sox2, Oct-4, Nanog, and c-Myc. **c** Immunofluorescence (IF) staining of commercially available tissue array slides containing 45 HNSCC and 5 corresponding normal tissues with DAPI (blue), CD44 (green), and Nanog (red). Scale bar = 20 µm. **d**, **e** Western blotting of CSC marker proteins and self-renewal proteins in three HNSCC cell lines grown as monolayers or as spheroids. **f** Western blotting of CD44, Sox2, Oct-4, Nanog, and c-Myc following FACS for CD44(−) and CD44(+) cells. **g** IF of CD44(+) SCC-15 and QLL-1 cells transduced with sh.NANOG or sh.Scr. Scale bar = 50 µm. **h** GFP-expressing cell in a single cell assay using CD44(+) SCC-15 and QLL-1 cells following transduction with GFP, or NANOG shRNA (sh.Nanog), or scrambled shRNA (sh.Scr). Error bars represent standard deviation. \**p* \< 0.05.

Because CD44(+) HNSCC cells lines were grown in a single cell assay under spheroid formation conditions, whereas the CD44(−) cells were not (Suppl. Fig. [1F](#MOESM1){ref-type="media"}), we examined whether Nanog contributes to spheroid formation. First, we knocked down NANOG in the two CD44(+) cells by transduction with sh. NANOG or sh.Scr (control). Nanog- knockdown in vitro did not affect cell growth (Suppl. Fig. [1G](#MOESM1){ref-type="media"}). Compared with sh.Scr in CD44(+) cells, sh.NANOG in CD44(+) cells showed decreased Nanog and CD44 protein expression (Fig. [1g](#Fig1){ref-type="fig"}). NANOG-knockdown cells showed a 66.5--68.8% decrease in spheroid formation compared with that of control cells transduced with sh.Scr (Fig. [1h](#Fig1){ref-type="fig"}). These results suggest that HNSCCs are sustained by the self-renewal and tumor initiation properties mediated by Nanog expression in CD44(+) cells.

**Nanog has a critical role in** CD44(+)**-HNSCC cells with a mesenchymal phenotype** {#Sec17}
-------------------------------------------------------------------------------------

CD44 has an important role in communications and cell--matrix interactions and is involved in cell motility, proliferation, and survival^[@CR17],[@CR18]^. CD44(+) cells were more malignant than CD44(−) cells (Suppl. Fig. [2A](#MOESM1){ref-type="media"}). Epithelial--mesenchymal transition (EMT) is essential for initiation of metastasis for cancer progression^[@CR23]^ and is driven by the transcription factors SNAI1, SLUG, ZEB1/2, or TWIST1/2^[@CR24]^. CD44(+)-HNSCC cells showed decreased expression of E-cadherin and increased Snail expression as EMT-related protein (Suppl. Fig. [2B](#MOESM1){ref-type="media"}). CD44(+) cells also showed increased invasion and migration by 3.4--5.1-fold and 5--7.5-fold, respectively, compared with control (Suppl. Fig. [2C](#MOESM1){ref-type="media"}). We next examined the role of Nanog in the migration and invasion of CD44(+)-HNSCC cells. CD44(+)-HNSCC cells with sh.NANOG showed a 4.2-12.4-fold decrease in invasion and 4.4-6.3-fold decrease in migration compared with that of CD44(+)- HNSCC cells with sh.Scr (Figs. [2](#Fig2){ref-type="fig"}a, [b](#Fig2){ref-type="fig"}). NANOG-knockdown in CD44(+) cells also exhibited reduced expression of N-cadherin and Snail. (Fig. [2c, d](#Fig2){ref-type="fig"}, Suppl. Fig. [2D](#MOESM1){ref-type="media"}). Moreover, we confirmed that CD44(+) cells transduced with Sox2, Oct-4, or c-Myc shRNA did not alter invasion or migration in vitro (Suppl. Fig. [2E](#MOESM1){ref-type="media"}). Knockdown was confirmed by western blot (Suppl. Fig. [2F](#MOESM1){ref-type="media"}). Furthermore, NANOG-knockdown was found to reduce the colony formation of CD44(+) HNSCC cells by 26.6--92.2% (Fig. [2e](#Fig2){ref-type="fig"}). Altogether, these results indicate that the self-renewal protein Nanog promotes EMT and acquisition of CSC properties in HNSCC.Fig. 2NANOG-knockdown inhibits EMT in CD44(+) cells from HNSCC cell lines.**a** Invasion and **b** migration assays of CD44(+) cells transduced with sh.NANOG or sh.Scr. **c** Western blotting of Nanog, CD44, and EMT-related proteins, N-cadherin, Snail, Slug, and Zeb1 in CD44(+) cells transduced with sh.NANOG or sh.Scr. **d** Immunostaining of CD44(+) cells transduced with sh.NANOG or sh.Scr for N-cadherin and Snail. **e** Colony formation of CD44(+) cells following transduction sh.NANOG or sh.Scr. Scale bar = 20 µm. Error bars represent standard deviation. \**p* \< 0.05.

**Nanog inhibition in** CD44(+)**-HNSCC cells relieves radiotherapy resistance** {#Sec18}
--------------------------------------------------------------------------------

Numerous studies have demonstrated that CSCs are generally resistant to chemotherapy^[@CR25]--[@CR27]^. We thus assessed the sensitivity of HNSCC cells to radiation treatment (IR), which is commonly used for the treatment of advanced HNSCC. Monolayers showed a moderate response to IR with a 51.5--61.2% reduction in proliferation, whereas spheroids showed a reduced response to IR with only a 17.1--20.1% reduction (Suppl. Fig. [3A](#MOESM1){ref-type="media"}). Next, we stably transduced CD44(+) cells with sh.Scr or sh.NANOG (Fig. [3a](#Fig3){ref-type="fig"}). NANOG-knockdown alone reduced proliferation in CD44(+) cells by only 7.5--11.5%, whereas the combination of sh.NANOG and radiotherapy showed more than an additive effect with decreases in cell viability ranging from 57.5 to 71.9% (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Nanog inhibition in CD44(+) HNSCC cells relieves radiotherapy resistance.**a** Western blotting of Nanog in CD44(+) cells transduced with sh.NANOG or sh.Scr. **b** Proliferation assays of CD44(+) HNSCC cells following treatment with sh.NANOG, sh.Scr, or 8 Gy radiotherapy. **c** Tumor growth curves of CD44(+) SCC-25 cell xenografts after treatment with sh.NANOG, sh.Scr, or 8 Gy. **d** Representative tumor images from each treatment group on the 15th day. **e** Immunofluorescence (IF) analysis of treated tumors for proliferation (Ki-67, green), apoptosis (cleaved caspase-3, red), ɣH2AX (DNA damage, white), and CD44 (green). Scale bar = 20 µm. Error bars represent standard deviation. \**p* \< 0.05.

The effects of Nanog inhibition and radiotherapy on SCC-25 mouse xenografts were examined. The tumor-initiating ability in CD44(+)-SCC-25 cell was substantially reduced in cells with suppressed Nanog expression (Suppl. Fig. [3B](#MOESM1){ref-type="media"}). These 1 × 10^7^ CD44(+)-SCC-25 cells were then injected into the flanks of immunodeficient mice. When tumors were \~100 mm^3^ in volume, the mice were randomized into IR-treated (8 Gy) or untreated groups. Tumors of untreated mice grew to \~ 750--800 mm^3^ in just 15 days following randomization. On the other hand, tumors of mice injected with sh.NANOG in CD44(+)-SSC-25 cells or treated with 8 Gy grew to an average size of 507.9 mm^3^ and 421.2 mm^3^, respectively. The combination of sh.NANOG and 8 Gy dramatically inhibited tumor growth, with tumors growing to an average of 168.4 mm^3^ (75.6% less). (Fig. [3c](#Fig3){ref-type="fig"}). After 15 days, xenografts were harvested and analyzed (Fig. [3d](#Fig3){ref-type="fig"}). The combined sh.NANOG and 8 Gy-treated tumors showed a dramatic increase in the apoptosis marker cleaved caspase-3 and ɣ-H2AX as well as a decrease in the CSC marker CD44. (Fig. [3e](#Fig3){ref-type="fig"}, Suppl. Fig. [3C](#MOESM1){ref-type="media"}). Thus, these findings indicate that CD44(+)-HNSCC cells are relatively resistant to radiotherapy, which can be overcome by inhibiting Nanog.

**ERK1/2 signaling pathway promotes EMT and acquisition of CSC phenotypes in** CD44(+)**-HNSCC cells** {#Sec19}
------------------------------------------------------------------------------------------------------

Mitogen-activated protein kinases (MAPKs) are a highly conserved family of serine/threonine protein kinases involved in several fundamental cellular processes as well as the survival of cancers and CSCs^[@CR28],[@CR29]^. To investigate the possible role of specific kinases in the stemness of HNSCC CSCs, we first examined the activation status of MAPKs in CD44(+) and CD44(−) cells. The expression and phosphorylation of 44 proteins were analyzed using SSC-15-CD44(−) and CD44(+) spheroids (Suppl. Fig. [4A](#MOESM1){ref-type="media"}). Relative expression levels and protein phosphorylation were quantitated by densitometric analysis and normalized to those of CD44(−) cells (Fig. [4a](#Fig4){ref-type="fig"}). We found that the extracellular signal-regulated protein kinases 1/2 (ERK1/2) were highly activated in CD44(+)-HNSCC cells (Fig. [4a](#Fig4){ref-type="fig"}). Moreover, the levels of MAPKs including phosphorylation ERK1/2 and JNK1/2 were differentially increased in CD44(+)-HNSCC by western blot (Fig. [4b](#Fig4){ref-type="fig"}).Fig. 4The ERK1/2 pathway controls CSC phenotypes in CD44(+) HNSCC cells.**a** Phospho-RTK protein array analysis using CD44(+) and CD44(−) cells. **b** Western blotting of CD44, Nanog, phosphorylated ERK1/2, total ERK2, phosphorylated JNK1/2, total JNK2, phosphorylated p38, total p38, and β-actin in CD44(+) and CD44(−) cells. **c** Western blotting of total ERK1/2, total ERK1, total ERK2, CD44, and Nanog in CD44(+) cells transduced with sh.ERK1/2 or sh.Scr. **d** IF of CD44(+) cells transduced with sh.ERK1/2 or sh.Scr for CD44 and Nanog. **e** Single cell assay and **f** colony formation assay of CD44(+) SCC-15 and QLL-1 cells following transduction with sh.ERK1/2 or sh.Scr. **g** Migration and Invasion assay of CD44(+) SCC-15, SCC-25, and QLL-1 cells following transduction with sh.ERK1/2 or sh.Scr. **h** Western blotting of ERK1/2, N-cadherin, Snail, Slug, Zeb1, and β-actin and immunofluorescent images of N-cadherin and Snail staining in CD44(+) cells transduced with sh.ERK1/2 or sh.Scr. Scale bar = 20 µm. Error bars represent standard deviation. \**p* \< 0.05.

We next examined the contribution of ERK1/2 to stemness and EMT. We established CD44(+)-SCC-15 and -QLL-1 cells were transduced with sh.ERK1 and sh.ERK2 or sh.Scr, and ERK1/2 knockdown was confirmed by western blot (Fig. [4c](#Fig4){ref-type="fig"}). ERK1/2 knockdown in vitro did not affect cell growth (Suppl. Fig. [4B](#MOESM1){ref-type="media"}), but resulted in a significantly decrease of CD44 and Nanog expression (Figs. [4](#Fig4){ref-type="fig"}c, [d](#Fig4){ref-type="fig"}). Similar results were obtained when the ERK1/2 inhibitor U0126 was used instead of ERK1/2 signaling pathway inhibition (Suppl. Fig. [4C](#MOESM1){ref-type="media"}). ERK1/2 inhibition by shRNA or U0126 reduced spheroid diameter at 7 days by 64.2--72.9% (Fig. [4e](#Fig4){ref-type="fig"}, Suppl. Fig. [4D](#MOESM1){ref-type="media"}). We also performed soft agar colony formation and found that ERK1/2 shRNA or U0126 reduced colony formation of CD44(+)-HNSCC cells by 64.6--75.1% (Fig. [4f](#Fig4){ref-type="fig"}, Suppl. Fig. [4E](#MOESM1){ref-type="media"}). JNK1/2 inhibitor, SP600125 had little effect on colony formation, and no effects were observed after p38 inhibition with SB202190 in CD44(+) cells (Suppl. Fig. [4E](#MOESM1){ref-type="media"}). Western blot also indicated that JNK and p38 inhibitors did not alter the expression levels of CD44 and Nanog in CD44(+) cells (Suppl. Fig. [4F,G](#MOESM1){ref-type="media"}). Furthermore, ERK1/2 inhibition reduced CD44(+) HNSCC cell migration and invasion by 75.4--92.3% and 80.1--87.5%, respectively (Fig. [4g](#Fig4){ref-type="fig"}). Expression of N-cadherin and Snail were also decreased after ERK1/2 inhibition in CD44(+) HNSCC cells (Fig. [4h](#Fig4){ref-type="fig"}). Thus, our results indicate that CD44(+)-HNSCC cells are relatively malignant, which can be overcome by inhibiting the ERK1/2-Nanog pathway.

ERK1/2 signaling increases EMT and acquisition of CSC phenotypes in xenograft mouse models {#Sec20}
------------------------------------------------------------------------------------------

To confirm the possible role of the ERK1/2 pathway in the stemness of HNSCC, CD44(+)-SCC-15 cells with sh.ERK1/2 or sh.Scr were injected into the flanks of immunodeficient mice; knockdown was confirmed by western blotting (Fig. [5a](#Fig5){ref-type="fig"}). Once tumors reached a volume of 100 mm^3^, the mice were randomized into IR-treated (8 Gy) or untreated groups. Tumors of untreated mice grew to over 936--1030 mm^3^ in just 20 days following randomization. Tumors of mice injected with sh.ERK1/2 in CD44(+)-SCC-15 cells or treated with 8 Gy grew to an average size of 583.2 mm^3^ and 566.4 mm^3^, respectively. The combination of sh.ERK1/2 and 8 Gy further inhibited tumor growth, with tumors growing to an average of 213.6 mm^3^ (79.1% less) (Fig. [5b](#Fig5){ref-type="fig"}). After 20 days, the xenografts were analyzed (Fig. [5c](#Fig5){ref-type="fig"}) and we found that combining sh.ERK1/2 and IR treatment resulted in a marked decrease in CD44, Nanog, Snail, and an increase in the apoptosis marker cleaved caspase-3 (Fig. [5d](#Fig5){ref-type="fig"}, Suppl. Fig. [5A](#MOESM1){ref-type="media"}). Moreover, we confirmed that ERK1/2 signaling induces resistance to cisplatin or 5-fluorouracil (5-FU) in CD44(+) cells. However, there was a more than additive effect when ERK1/2 inhibition and cisplatin or 5-FU were added to CD44(+) cells, with decreases in cell viability ranging from 52.1% to 68.4% (Suppl. Fig. [5B](#MOESM1){ref-type="media"}). Altogether, these in vivo results also indicate that HNSCC stem-like cells are relatively malignant and that this malignancy can be overcome by inhibiting the ERK1/2-Nanog pathway.Fig. 5Inhibition of the ERK1/2 signaling pathway blocks EMT and acquisition of CSC phenotypes in xenograft mouse models.**a** Western blotting of ERK1/2, ERK1, and ERK2 in CD44(+) cells transduced with sh.ERK1/2 or sh.Scr. **b** Tumor growth curves of CD44(+) SCC-15 cell xenografts after treatment with sh.ERK1/2, sh.Scr, or 8 Gy. **c** Representative images of tumors from each treatment group on the 20th day. **d** IF analysis of treated tumors for CD44 (green), Nanog (red), and Snail (white) in SCC-15 xenografts treated with sh.ERK1/2, sh.Scr, or 8 Gy. Scale bar = 50 µm. Error bars represent standard deviation. \**p* \< 0.05.

The ERK1/2-Nanog signaling pathway controls stemness and metastasis in mouse models {#Sec21}
-----------------------------------------------------------------------------------

To further examine the involvement of the ERK1/2 signaling pathway on tumor growth, stemness, and invasiveness in vivo, we created flank tumor xenografts using 5000 CD44(+)-SCC-25 cells transduced with sh.ERK1/2 or sh.Scr and injected them into the immunodeficient mice; knockdown was confirmed by western blot (Suppl. Fig. [6A](#MOESM1){ref-type="media"}). All five mice implanted with CD44(+)-SCC-25 cells grew flank tumors, whereas one of five mice that received ERK1/2 shRNA-transduced CD44(+) cells grew a flank tumor. (Fig. [6a](#Fig6){ref-type="fig"}, Suppl. Fig. [6B](#MOESM1){ref-type="media"}). Control- CD44(+) cells formed tumors with an infiltrating-leading edge, whereas ERK1/2-knockdown CD44(+) cells exhibited a well-defined border between the tumor and normal surrounding tissues, as evidenced by H&E and IF staining (Fig. [6b](#Fig6){ref-type="fig"}). ERK1/2 knockdown also reduced the number of infiltrating CD44(+) cells expressing Snail from 14.3 per mm^2^ to 3.4 per mm^2^ (Fig. [6b](#Fig6){ref-type="fig"}). We next examined the effect of ERK1/2 knockdown on the ability of CD44(+) cells to metastasize using an athymic nude mouse model. CD44(+)-SCC-25 cells injected into the tail vein of mice led to significantly more lung metastases compared with ERK1/2-knockdown cells. The average number of lung metastatic nodules was 9.5 nodules on day 30 in control group and 1.2 nodules on 35 day in ERK1/2 shRNA group (Fig. [6c](#Fig6){ref-type="fig"}). When lung metastases were examined for CD44 and Nanog expression, ERK1/2-knockdown in CD44(+)-SCC-25 cells group showed dramatically decreased CD44 and Nanog expression levels compared with that of CD44(+)-SCC-25 cells group (Fig. [6d](#Fig6){ref-type="fig"}). To further investigate the role of phosphorylated ERK1/2 and Nanog expression in HNSCC patients, we examined the expression of phosphorylated ERK1/2, CD44, Nanog, and Snail in the tumor tissues of five patients (Fig. [6e](#Fig6){ref-type="fig"}). All patient samples exhibited high levels of phosphorylated ERK1/2, CD44, Nanog, and Snail in tumor tissues. Taken together, our findings indicate that the ERK1/2-Nanog signaling pathway is involved the stemness and metastasis in HNSCCs.Fig. 6Inhibition of the ERK1/2-Nanog signaling pathway inhibits EMT, lung metastasis, and infiltrative behavior of CD44(+) cells in SCC-25 human cell line.**a** Photos of immunodeficient mice injected with 5000 CD44(+) SCC-25 cells stably transduced with sh.Scr, or sh.ERK1/2. **b** Hematoxylin and Eosin (H&E) and IF staining of infiltrating cells for DAPI (blue), CD44 (green), and Snail (red). Dashed line indicates tumor border. The graph shows the number of CD44^+^/Snail^+^ infiltrating cells. **c** Representative images and quantitation of detectable lung nodules on the surface of whole lungs. **d** Lung metastasis from immunodeficient mice following H&E and IF staining for DAPI (blue), CD44 (red), and Nanog (green). **e** Representative images of patient tumor tissues following IF staining for DAPI (blue), CD44 (green), Nanog (red), p-ERK1/2 (yellow), and Snail (white). Error bars represent standard deviation. \**p* \< 0.05.

Discussion {#Sec22}
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This study is the first to demonstrate the central role of the ERK1/2 and Nanog signaling pathway in the maintenance of stemness and radiotherapy resistance in a subset of HNSCC cells with CD44 expression. We grew three different head and neck cancer cell lines as spheroids and found enrichment of the CSC marker CD44 as well as increased levels of Nanog protein and phosphorylation of ERK1/2. The spheroid cell lines exhibited increased CD44 and Nanog expression compared with monolayer cells in HNSCC. Inhibiting either ERK1/2 signaling or Nanog in spheroid or CD44(+) cells using shRNA or inhibitor can reduce Nanog expression, spheroid formation, and anchorage-independent growth in soft agar. CD44(+)-HNSCC spheroids were also highly resistant to radiation therapy, which was reversed with ERK1/2 or Nanog inhibition. In mouse xenografts, inhibition of Nanog or ERK1/2 pathway acted synergistically with radiotherapy to block tumor growth, and histologic examination of treated tumors found synergistic increases in tumor cell apoptosis and depletion of CD44(+) cells. Moreover, ERK1/2 inhibition in CD44(+) cells reduced the expression of N-cadherin and Snail, greatly diminished migratory and invasive capabilities, attenuated the infiltrative nature of xenografts, and reduced lung metastases.

CD44 as cell surface receptor has an important role in cell communications and is involved in cell motility, proliferation, and survival^[@CR18]^. CD44(+) subpopulation of cells with CSC properties have been reported in HNSCC and a high frequency of CD44+ cells has been correlated with known poor prognostic factors such as advanced T classification and recurrence^[@CR30]^. CD44 overexpression appears to reflect cellular invasiveness and leads to increased aggressiveness of tumors in the head and neck^[@CR31]^. Understanding CD44 is important in the study of tumor progression and invasiveness because invasive tumors attack the extracellular matrix of surrounding tissues to expand; moreover, the interaction between CD44 and hyaluronic acid has a decisive role in various cellular pathways. In addition, CD44 is the most frequently used marker for SCC CSCs^[@CR31],[@CR32]^. This study showed that the FACS-sorted CD44(+)-HNSCC population increased spheroid formation, migration, and invasion compared with CD44(−) cells. In addition, CD44(+) cells were resistant to the cytotoxicity induced by radiation therapy. Thus, CD44 can be used as a marker for the CSC-enriched fraction in HNSCCs.

Although the relationship between ERK activation and CSC function has not been extensively studied in HNSCC. It has been reported that the ERK1/2 or Wnt/β-catenin signaling pathway is vital for CSC tumorigenicity and enhances the tumorigenicity of colon cancers and gastric cancer^[@CR33],[@CR34]^. Moreover, in prostate cancer, it has been demonstrated that the MEK-ERK pathway contributes to the role of EGFR in maintaining prostate CSC stemness^[@CR35]^. In rhabdomyosarcoma, the U0126 dramatically prevented rhabdo-sphere formation and downregulated the stem cell markers CD133, CXCR4, and Nanog expression^[@CR36]^. In this study, we used a human phosphokinase array with CD44(−) and CD44(+)-SSC-15 spheroids and identified several activated kinases, including phosphorylation of ERK1/2, AKT, and JNK, among others. We also found that ERK1/2-β-catenin signaling pathway promotes Nanog expression in head and neck CSCs (Suppl. Fig. [7](#MOESM1){ref-type="media"}). Inhibition of ERK1/2 signaling and Nanog led to decreased spheroid formation, migration, invasion, and EMT proteins. The ERK1/2 signaling was found to have a critical role in the maintenance of the malignant CSC population in HNSCC. Thus, ERK1/2-Nanog signaling may be a main pathway supporting CSC function in HNSCC.

EMT is associated with the acquisition and maintenance of stem cell-like characteristics and is sufficient to endow differentiated normal and cancer cells with stem cell properties; moreover, CSCs often exhibit EMT properties^[@CR37]^. The link between EMT and CSCs has been examined in numerous studies, but the recently uncovered link between EMT activation and the acquisition of stem cell-like properties suggests that EMT may be a mechanism for generating CSCs^[@CR38],[@CR39]^. Snail is a master regulator that promotes EMT by repressing epithelial markers and upregulating mesenchymal markers, it also mediates invasiveness and metastasis in many different types of malignant tumors including HNSCC^[@CR40],[@CR41]^. Furthermore, other groups demonstrated that Snail expression may regulate treatment resistance and the CSC-like properties of HNSCC^[@CR42],[@CR43]^. It has also been reported that Snail is an independent marker of tumor metastasis in HNSCC patients^[@CR41]^. In this study, spheroids and CD44(+) cells showed elevated expression of the EMT-associated proteins Snail and N-cadherin and exhibited significantly enhanced migration and invasion. Inhibition of Nanog or the ERK1/2 signaling pathway in HNSCC CSCs downregulated Snail and N-cadherin and reduced migration and invasion.

HNSCC patients are at risk for both lung metastases and secondary primary cancers of the lung^[@CR44]^. In this study, the increased motility seen for CD44(+) cells is characteristic of cells undergoing EMT, which may explain why head and neck CSCs metastasized in vivo, whereas CD44(+) cells with sh.ERK1/2 did not. Indeed, Takahashi et al.^[@CR45]^ showed that in tumor necrosis factor-induced EMT, the interaction between CD44 and hyaluronan-mediated cell--cell dissociation and actin remodeling, thereby enhancing motility. These findings, in conjunction with our own, suggest that cell motility and the ability to undergo EMT are the most important characteristics of a metastatic cell, and it appears that CSCs possess these capabilities. Thus, our findings show that targeting Nanog or ERK1/2 signaling pathway can affect both CSCs and EMT-associated phenotypes in different cancer types, including HNSCC.

Radiation therapy is important for the treatment of HNSCC; however, standard therapies possess several limitations as they exhibit side effects and relapse in \>50% of HNSCC patients. Recently, CSCs were demonstrated to have important implications regarding the treatment of many cancers, including HNSCC. CSCs are reported to endow resistance to chemo and radiotherapy^[@CR46],[@CR47]^. But it remains unclear whether head and neck CSCs may also be resistant to targeted therapies. Other group demonstrated that resistance to radiotherapy frequently occurs in HNSCC CSCs and is associated with poor outcomes^[@CR44]^. Furthermore, it has been reported that targeting molecules or signaling pathways is important for curing cancers including HNSCC^[@CR48]^. It has been established that the PI3K/AKT pathway contributes to radio-resistance in many cancers^[@CR48],[@CR49]^. In this study, we observed that the stemness factor Nanog was involved in radio-resistance. Our findings thus support a potential therapeutic strategy to inhibit the ERK1/2-Nanog pathway in the CD44(+) subgroup of HNC cells. Such therapies are urgently needed to overcome the challenge of radiotherapy resistance.

In conclusion, our findings indicate that HNSCCs maintain a CSC population via the ERK1/2 signaling pathway and Nanog. ERK1/2 activation is a critical pathway for self-renewal of the HNSCC CSC population, and likely acts through regulation of Nanog expression. These findings may suggest a new therapeutic target in HNSCC CSCs.
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